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We present a study of the spin properties of dense layers of near-surface nitrogen-vacancy (NV)
centres in diamond created by nitrogen ion implantation. The optically detected magnetic resonance
contrast and linewidth, spin coherence time, and spin relaxation time, are measured as a function
of implantation energy, dose, annealing temperature and surface treatment. To track the presence
of damage and surface-related spin defects, we perform in situ electron spin resonance spectroscopy
through both double electron-electron resonance and cross-relaxation spectroscopy on the NV cen-
tres. We find that, for the energy (4−30 keV) and dose (5×1011−1013 ions/cm2) ranges considered,
the NV spin properties are mainly governed by the dose via residual implantation-induced paramag-
netic defects, but that the resulting magnetic sensitivity is essentially independent of both dose and
energy. We then show that the magnetic sensitivity is significantly improved by high-temperature
annealing at ≥ 1100◦C. Moreover, the spin properties are not significantly affected by oxygen an-
nealing, apart from the spin relaxation time, which is dramatically decreased. Finally, the average
NV depth is determined by nuclear magnetic resonance measurements, giving ≈ 10-17 nm at 4-6
keV implantation energy. This study sheds light on the optimal conditions to create dense layers of
near-surface NV centres for high-sensitivity sensing and imaging applications.
I. INTRODUCTION
Over the last decade, the nitrogen-vacancy (NV) cen-
tre in diamond has become a leading solid-state quan-
tum system for magnetic sensing and imaging applica-
tions [1–3]. While single NV centres located near the
diamond surface provide higher spatial resolution, down
to a few nanometres [4–9], near-surface layers of high-
density NV centres allow faster imaging through paral-
lel acquisition, with a spatial resolution limited by the
diffraction of light (≈ 300 nm) [10–14]. Thin layers of
NV centres in diamond can be created mainly by two
methods: (i) Chemical vapour deposition (CVD) growth
with nitrogen incorporated into the gas phase [15–17],
and (ii) post-growth nitrogen ion implantation [18–20].
The CVD method generally results in NV centres with
longer spin coherence times – hence enhanced magnetic
sensitivity – as compared to implanted NV centres, due
to reduced lattice damage, but suffers from a limited
NV density [17]. For applications such as nuclear mag-
netic resonance (NMR) imaging [21] and electron para-
magnetic resonance (EPR) imaging [10, 14], which re-
quire near-surface (. 20 nm) layers of NV centres, ni-
trogen implantation thus remains the preferred method,
despite inferior per-NV sensitivities. Here, we study the
spin properties of dense near-surface layers of implanted
NV centres as a function of implantation energy, dose,
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annealing temperature and surface treatment, with the
aim of identifying the optimal conditions for NMR/EPR
imaging applications.
Magnetometry with the NV centre in diamond gen-
erally relies on optically detected magnetic resonance
(ODMR) of the NV centre’s electron spin. For photon
shot noise limited measurements, the sensitivity to dc
magnetic fields [2, 22, 23] is given by
ηdc ≈ ∆ν
γ˜eC
√
IPL
, (1)
where ∆ν is the ODMR linewidth, γ˜e ≈ 2.8 MHz/G is
the electron gyromagnetic ratio, C is the ODMR con-
trast, and IPL is the photoluminescence (PL) detection
rate under continuous wave (CW) excitation. For the
measurement of ac [22] and randomly fluctuating mag-
netic fields [24, 25], the sensitivity scales as
ηac ≈ 1
γ˜eC
√
IPLtroT2
, (2)
where tro is the readout pulse duration and T2 is the
spin coherence time under the employed measurement
sequence (e.g., Hahn echo) [2]. The aim of this work is
to investigate how the dc and ac sensitivities depend on
the implantation and sample processing conditions. The
role of implantation energy and dose was first analysed
by comparing all samples after annealing at 950◦C and
acid cleaning. We then investigated the effect of a second
annealing step at temperatures above 1100◦C and/or an
oxygen annealing step at 465◦C. Double electron-electron
resonance (DEER) [26, 27] as well as cross-relaxation
EPR spectroscopy [28, 29] were performed on the NV
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2centres and used to characterise paramagnetic defects as-
sociated with the various stages of treatment.
II. METHODS
A. Diamond samples
The diamond samples used in this study were made
from 4 mm × 4 mm single-crystal diamond plates grown
by CVD, with a thickness ranging from 30-120 µm, a
bulk nitrogen content [N] < 1 ppb and a (100)-oriented
top surface polished with a best surface roughness< 5 nm
Ra (purchased from Delaware Diamond Knives). Some
of the plates were homoepitaxially overgrown with 2 µm
of high purity ([N] < 1 ppb) CVD diamond using 12C-
enriched (99.95%) methane. The surfaces of the over-
grown and as-received samples will be referred to as as-
grown (A) and polished (P) surfaces, respectively. All the
plates were then laser cut into 2 mm × 2 mm plates and
acid cleaned (15 minutes in a boiling mixture of sulphuric
acid and sodium nitrate). The diamonds were then im-
planted with 14N+ or 15N+ ions (InnovIon) at various
energies and doses, with a tilt angle of 7◦. Following
implantation, the samples were annealed in a vacuum of
∼ 10−5 Torr either at 950◦C for 4h (hereafter referred
to as 950◦C annealing), and/or at higher temperature
(hereafter referred to as 1100◦C annealing or 1200◦C an-
nealing) using the following sequence in a similar vac-
uum: 6h at 400◦C, 2h ramp to 800◦C, 6h at 800◦C, 2h
ramp to 1100◦C or 1200◦C, 2h at 1100◦C or 1200◦C,
2h ramp to room temperature. To remove the graphitic
layer formed during the annealing at the elevated temper-
atures, the samples were acid cleaned using the process
outlined previously. Some of the samples were further
annealed at 465◦C for 4h at atmospheric pressure, a pro-
cess hereafter referred to as oxygen annealing. Table I
lists the implantation parameters and processing details
for each sample analysed in this work, and defines the
naming convention used throughout the paper.
B. NV measurements
The spin properties of the NV layers were investigated
using a purpose-built wide-field microscope similar to
that described in Refs. [12, 13]. The diamond chips were
mounted on a glass cover slip, with the NV layer facing
up. The cover slips were patterned with a microwave
resonator and mounted on a printed circuit board. The
NV centres were excited and imaged via an inverted
optical microscope with an oil-immersion 40x objective
(NA = 1.3). The power of the 532 nm excitation laser was
300 mW at the sample with a Gaussian beam diameter of
≈ 100 µm. The emitted red PL was filtered (wavelength
660-735 nm) and imaged with a scientific complementary
metal oxide semiconductor (sCMOS) camera providing a
maximum field of view of 200 µm × 200 µm. All mea-
surements were performed at room temperature under
ambient conditions.
Photoluminescence (PL) rate. The PL rate, IPL, was
determined by measuring the photon count rate (in mil-
lion counts per second, Mcount/s) from a single 400 nm
× 400 nm pixel under CW laser excitation, in zero mag-
netic field. The pixel size was chosen to approximately
match the spatial resolution of the microscope. The sig-
nal was averaged over a 50 µm × 50 µm field of view,
over which the laser intensity was roughly uniform and
an order of magnitude below saturation of the NV optical
cycling.
ODMR linewidth. To determine the minimum
linewidth, ∆ν, pulsed ODMR spectra were recorded at
a magnetic field of B0 = 46 G produced by a permanent
magnet, aligned with a 〈111〉 crystal direction. A
microwave pi-pulse duration of tpi = 1.5 µs was used,
which was found to be sufficiently long to eliminate
power broadening in all samples investigated [30]. We
also verified that further reduction of the field of view
(from 50 µm × 50 µm to 12 µm × 12 µm) did not reduce
the ODMR linewidth, indicating that the linewidth is
not limited by inhomogeneities in the static (B0) or
microwave field over the chosen field of view. Thus,
the linewidth observed in the recorded spectra was
representative of the T ∗2 -limited linewidth, where T
∗
2 is
the spin dephasing time. The spectra were fitted with
a sum of two or three Lorentzian peaks (accounting for
the hyperfine structure from the 15N or 14N isotope,
respectively) with a common linewidth, ∆ν, defined as
the full width at half maximum (FWHM).
Rabi contrast. The spin readout contrast, C, was de-
termined by recording Rabi oscillations at a magnetic
field of 480 G, by driving the NV transitions at a mi-
crowave frequency of ≈ 1520 MHz. At such a field, the
NV nuclear spin is completely polarised, thus avoiding
beating effects due to the hyperfine structure. The mi-
crowave power was adjusted to obtain a Rabi frequency
of ≈ 12 MHz (i.e., tpi ≈ 40 ns). The curves were fit-
ted with a damped oscillation, and C was defined as the
maximum peak-to-peak contrast of the fit.
Spin coherence time. Hahn echo decoherence curves
were recorded at 480 G using a Rabi frequency of ≈
12 MHz. At this field, several collapses and revivals
caused by the 13C bath (for samples with natural iso-
topic concentration) are visible within the overall coher-
ence time. The curves were fitted with an oscillation
enveloped by an exponential decay, e−τ/T2 , where τ is
the total evolution time and T2 defines the Hahn echo
spin coherence time.
DEER spectroscopy. DEER spectra were recorded at
a field B0 = 480 G using a Hahn echo sequence on the
NV spins with a total evolution time of 2 µs. The dura-
tion of the microwave pi-pulse applied to the dark spins
was adjusted to 240 ns (except in Fig. 5b where it was
100 ns), resulting in a line broadening of ∼ 4 MHz, which
was of the same order as the broadening induced by the
3Sample Surface Implanted Energy Dose Initial Second
name type isotope (keV) (ions/cm2) annealing annealing Figures
P-6-low Polished 15N 6 5× 1011 950◦C 1
P-6-high-a Polished 15N 6 1× 1013 1200◦C 6
P-6-high-b Polished 15N 6 1× 1013 950◦C 2, 3, 6
P-6-high-c Polished 15N 6 1× 1013 950◦C 1100◦C 1, 2, 3, 4, 6
P-10-low Polished 15N 10 1× 1012 950◦C 3
P-10-high Polished 15N 10 1× 1013 950◦C 1200◦C 2, 3, 4
P-14-high Polished 15N 14 1× 1013 950◦C 1200◦C 1, 2, 3, 4
P-30-high Polished 15N 30 3× 1012 950◦C 1200◦ 3, 4
A-4-low As grown 15N 4 5× 1011 950◦C 1, 6
A-4-high-a As grown 14N 4 1× 1013 950◦C 1200◦C 2, 3, 4, 7
A-4-high-b As grown 15N 4 1× 1013 950◦C 2, 3, 6, 7
A-5-high-a As grown 14N 5 5× 1012 1200◦C 7
A-5-high-b As grown 15N 5 1× 1013 950◦C 1100◦C 2, 3, 4, 7
A-6-low-a As grown 15N 6 5× 1011 950◦C 1100◦C 1, 4, 6
A-6-low-b As grown 15N 6 1× 1012 950◦C 3
A-6-high-a As grown 14N 6 1× 1013 1200◦C 6, 7
A-6-high-b As grown 14N 6 1× 1013 1200◦C 7
A-6-high-c As grown 15N 6 1× 1013 950◦C 1200◦C 1, 3, 4, 5, 7
A-14-high As grown 15N 14 5× 1012 950◦C 1100◦C 3, 4, 5
TABLE I. Sample details. The samples are named following the convention X-Y -Z-i where X = ‘P’ (polished surface) or ‘A’
(as-grown surface), Y is the implantation energy (in keV), Z = ‘high’ (dose ≥ 3×1012 ions/cm2) or ‘low’ (dose ≤ 1012 ions/cm2),
and i is a letter added when further distinction is needed. The last column lists the figures in which each sample appears.
inhomogeneity in B0 near 480 G over the 50 µm × 50 µm
field of view. With these parameters kept constant, the
driving frequency, ω, was swept over a 200 MHz window
(1 GHz in Fig. 5b) centred around the free-electron Lar-
mor frequency ωe = γeB0 ≈ 1350 MHz, hereafter referred
to as the g = 2 line (g is the Lande´ factor). The signal
was normalised by alternating the termination pulse of
the Hahn echo sequence with a 3pi2 instead of a
pi
2 mi-
crowave pulse. The spectra are plotted as a function of
the difference ∆ω = ω − ωe.
T1-EPR spectroscopy. Cross-relaxation EPR (abbre-
viated as T1-EPR) spectra were obtained by measuring
the longitudinal relaxation rate ( 1T1 ) of the NV spins
while scanning the magnetic field in the range ≈ 400-600
G using a permanent magnet mounted on a translation
stage [14, 29]. For each magnet position, an ODMR spec-
trum was recorded to determine the magnetic field, B,
Rabi oscillations were recorded to determine the optimal
microwave pi-pulse duration and the spin relaxation curve
was then measured. The PL signal for the T1 measure-
ment was normalised by a microwave pi-pulse on the NV
transition before readout. The resulting curves were fit-
ted by a stretched exponential e−(τ/T1)
n
, where the expo-
nent n is found to be n ≈ 0.7 [14], τ is the total evolution
time, and Γ1 =
1
T1
defines the spin relaxation rate plotted
in the T1-EPR spectra. To allow direct comparison with
the DEER spectra, the T1-EPR spectra are plotted as a
function of ∆ω = 2γ˜e(B − Be) where Be ≈ 512 G is the
resonant magnetic field for a free electron (g = 2). The
factor 2 accounts for the fact that increasing B decreases
the NV probe frequency and increases the frequency of
the target spins at the same time [28, 29].
Proton NMR measurements. To estimate the average
depth of the NV layer, NMR proton signals were detected
and analysed following the method of Ref. [31]. To this
end, the samples were covered with immersion oil (Olym-
pus, Type-F) and NMR spectra were acquired at a field of
≈ 200 G using the XY8 dynamical decoupling sequence
with 64 or 128 microwave pi-pulses, with tpi ≈ 40 ns. The
spectra were fitted by including a finite proton dephas-
ing time as a free parameter [31]. The model assumes an
infinitesimally thin layer of NV centres at a depth d from
the proton sample, which may include protons intrinsic
to the surface [21, 32]. The proton density in the sample
was taken to be 55 ± 5 nm−3, which is a typical range
for organic materials. Note that only samples enriched
in 12C were measured to avoid spurious harmonics from
13C spins [33]. Moreover, to verify the nature of the sig-
nal, correlation spectra were recorded using an XY8-64
sequence [32, 34].
Magnetic sensitivity. The sensitivities ηdc and ηac
were calculated using Eqs. (1) and (2), respectively, us-
ing the values of IPL, ∆ν, C and T2 obtained as explained
above. It should be noted that Eq. (1) corresponds to the
magnetic sensitivity for CW ODMR. In pulsed ODMR,
the average PL rate during the measurement is only a
fraction of the CW rate, corresponding to the duty cy-
cle of the readout laser pulse, of approximately trotro+tpi .
When tro  tpi, an expression for the optimal sensitiv-
ity can be derived, with an optimised pi-pulse duration
tpi ≈ T ∗2 [30]. However, in our experiments the readout
laser pulse is relatively long (tro = 5 µs, commensurate
with the low laser power density used), resulting in a duty
cycle close to unity. In this situation, Eq. (1) provides a
good estimate of the sensitivity that would be obtained in
4a pulsed ODMR experiment using tpi ≈ T ∗2 , for which ∆ν
is approaching the minimum linewidth imposed by spin
dephasing, and C is only marginally reduced relative to
the maximum contrast observed in Rabi oscillations [30].
Note that an additional factor ∼ 3 could be gained in sen-
sitivity using saturation laser power. Likewise, Eq. (2)
was derived under the assumption tro  T2 [22] but nev-
ertheless provides a good estimate of the sensitivity that
would be obtained in a Hahn echo measurement with a
total evolution time τ ≈ T2/2.
III. RESULTS
A. Effect of implantation parameters
We begin by examining the effect of implantation pa-
rameters (energy and dose) on the spin properties of the
formed NV layers. To this end, we prepared a total of
14 diamond samples that were laser cut and acid cleaned
prior to implantation, implanted with nitrogen ions at
various energies and doses, annealed at 950◦C and acid
cleaned (details are given in Sec. II A). Each sample was
then measured to obtain the various parameters govern-
ing the magnetic sensitivities expressed by Eqs. (1) and
(2).
To allow for a first qualitative assessment of the NV
properties, we show data from a few selected samples
(Fig. 1). Fig. 1a shows PL images of two different sam-
ples under CW excitation, as obtained directly on the
sCMOS camera. The main difference between the two
images is the intensity, i.e. the PL rate, which is signifi-
cantly larger for the sample with the largest implantation
dose (1013 ions/cm2 against 5× 1011 ions/cm2). This is
expected, as the dose impacts directly on the number of
NV centres that are formed, hence on the PL rate per
unit surface area. Less trivial is the effect of implanta-
tion dose on the Rabi contrast (C, Fig. 1b), the ODMR
linewidth (∆ν, Fig. 1c) and the spin coherence time
(T2, Fig. 1d). The data shown suggests a clear trend
whereby C is larger, ∆ν is narrower and T2 is longer for
lower doses (≤ 1012 ions/cm2) compared to high doses
(1013 ions/cm2). This trend seems to be relatively in-
dependent of the implantation energy, for instance, T2
is similar for 6 and 14 keV samples at the highest dose
(T2 = 2.5−3 µs) and significantly shorter than at the low-
est dose (T2 = 10− 12 µs), suggesting that these quanti-
ties are dominated by implantation-induced defects with
negligible contributions from the surface proximity effects
seen to limit T2 times in single-NV samples [35–37]. Fig.
1e shows DEER spectra of the same samples. For the
highest dose, the hyperfine structure characteristic of the
substitutional 15N impurities (known as P1 defects [38])
is clearly visible. In addition, all spectra feature a strong
g = 2 peak whose amplitude scales with the dose and not
the energy. This is a direct indication that the implanta-
tion process creates a significant number of paramagnetic
defects, which in turn may limit the spin coherence of the
NV layer, as will be discussed further later.
The effects of implantation energy and dose are fur-
ther explored in Figs. 2 and 3, using the parameters
extracted from complete sample sets. Figs. 2a-d show
the average PL rate per pixel (IPL), Rabi contrast (C),
ODMR linewidth (∆ν) and coherence time (T2), respec-
tively, as a function of energy for 7 samples implanted
at the highest dose (1013 ions/cm2). There is no obvi-
ous variation of these parameters with energy, consid-
ering the relatively large sample-to-sample variations ob-
served for a given energy, except for an apparent decrease
in the Rabi contrast with increasing energy. As figures
of merit, we calculated the dc and ac sensitivities from
Eqs. (1) and (2) using the measured parameters (Figs.
2e,f). For energies ≤ 6 keV, we obtain an average of
≈ 0.7 µT/Hz1/2 and ≈ 90 nT/Hz1/2, respectively, from a
single 400 nm × 400 nm pixel, and slightly larger values
at higher energy.
As anticipated from Fig. 1, the implantation dose is
a key parameter, as shown in Figs. 3a-d. Despite sig-
nificant sample-to-sample variations, clear trends are ob-
served for all parameters measured. The PL rate (Fig.
3a) increases with the dose, but not linearly: IPL in-
creases by, at most, a factor 2 from the lowest dose of
5 × 1011 ions/cm2 up to 3 × 1012 ions/cm2, and by a
factor 6-11 from the lowest dose to the highest dose of
1013 ions/cm2. This suggests that the N-to-NV− conver-
sion rate decreases when increasing the dose [39], where
NV− denotes the negatively charged state of the NV cen-
tre, which is the dominant contribution to the detected
PL in our measurements. The Rabi contrast (Fig. 3b)
decreases by a factor 2 on average from lowest to highest
dose. This is possibly related to NV charge state dy-
namics [40–42] or to variations in the radiative and non-
radiative transition rates of the NV− charge state alone
[43], which may both be affected by the local density of
defects hence the dose. The ODMR linewidth exhibits
a more modest change with dose, increasing from 1.5
to 2 MHz on average for lowest to highest dose, with
a relatively large variability between samples (Fig. 3c).
Comparatively, the T2 time exhibits smaller sample-to-
sample variations and a larger dose dependence, ranging
from 10-12 µs at the lowest dose and 2-3 µs at the high-
est dose. Both the linewidth and T2 time are related to
the magnetic noise generated by fluctuating spins in the
diamond lattice or on the diamond surface [44, 45]. Our
observations thus suggest that the noise in the frequency
range 104 − 106 Hz (which governs T2) is dominated
by implantation-induced paramagnetic defects within the
lattice. This is further illustrated by noting that sample
P-30-high, which was implanted at 30 keV (the largest
energy of this study, corresponding to NV centres about
70 nm deep on average [46]), shows no improvement in
T2 relative to much shallower NV samples.
In summary, a larger dose is advantageous as it pro-
vides an increased PL signal, but this is at the expense
of a reduced contrast and coherence time, and increased
linewidth. Overall, however, the magnetic sensitivity
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FIG. 1. (a) List of selected samples investigated in (b-e) implanted with high dose (top box) and low dose (bottom box), and
PL snapshots of two representative samples (top image, dose 1013 ions/cm2; bottom image, dose 5× 1011 ions/cm2). The total
laser power is 300 mW, with a laser spot diameter of ≈ 100 µm. In all subsequent measurements, the PL signal is integrated
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recorded at 46 G. (d) Hahn echo decoherence curves recorded at 480 G. (e) DEER spectra recorded at 480 G, with the high
dose curves vertically offset for clarity. The four lines associated with the hyperfine structure of substitutional 15N impurities
(P1 defects) are indicated by arrows. The details of the measurements in (b-e) are given in Sec. II B.
shows no obvious correlation with the dose, spreading
over the range 0.5-1.7 µT/Hz1/2 for dc fields (Fig. 3e),
and 50-220 nT/Hz1/2 for ac fields (Fig. 3f). Thus, for
the samples considered here, there seems to be no op-
timal dose/energy combination as far as the magnetic
sensitivity is concerned. It is important to note that the
sensitivity was calculated assuming photon shot noise to
be the dominant source of noise. However, the sensitiv-
ity may be deteriorated at low PL intensity due to other
sources of noise such as readout noise and dark counts,
both of which are present in a sCMOS camera such as
the one used in this work. This is particularly relevant
for long sensing sequences (i.e. with a laser duty cycle
of 10−2 or less) based on dynamical decoupling or spin
relaxation (T1) measurements, for which dark counts can
be of comparable magnitude as the PL signal in the low
NV density samples (i.e., dose . 1012 ions/cm2). There-
fore, higher dose samples (typically, 1013 ions/cm2) are
generally preferred over low dose, while using a low en-
ergy (e.g., 4 keV) maximises the signal from a given exter-
nal sample without affecting the sensitivity. Finally, we
note that the type of surface (polished or as grown) seems
to have no impact on the measured properties in these
samples, whereas polishing damage is typically detrimen-
tal for single NV centres [47], although further work is
needed to investigate the impact of polishing damage in
our overgrown layers as they are only 2 µm thick.
B. Effect of annealing temperature
Having analysed the role of implantation parameters,
we now move on to investigate the effect of the post-
implantation processing conditions, namely the anneal-
ing temperature and the subsequent surface treatment.
The annealing temperature must be chosen to allow mi-
gration of vacancies to form stable NV defects, with
800◦C and 950◦C being the most commonly used temper-
atures. On the other hand, the exact temperature also
affects how other defects form or anneal out, which has
consequences for the charge and spin environment around
the NV centres. In particular, it has been found through
bulk EPR studies that the number of paramagnetic de-
fects is dramatically reduced for annealing temperatures
in the range 1100◦C-1200◦C [48, 49]. Furthermore, it was
shown that for diamond samples implanted with nitrogen
ions at low dose (< 109 ions/cm2) and relatively high en-
ergy (> 100 keV), annealing at 1200◦C had a beneficial
impact on the NV spin coherence time [49, 50]. How-
ever, the effect of annealing temperature for dense layers
of near-surface NV centres has not been studied so far,
despite the expected increase in the density of relevant
defects with these implants.
We used 9 samples initially annealed at 950◦C, and
annealed them a second time at a higher temperature,
either 1100◦C or 1200◦C, followed by acid cleaning (see
experimental details in Sec. II A). An example of typical
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ODMR spectra and decoherence curves, measured for a
given sample before and after a high temperature (HT)
annealing, are shown in Figs. 4a and 4b, respectively,
illustrating a clear improvement in the ODMR linewidth
and T2 time after the second annealing. Figs. 4c-f show
the PL rate, Rabi contrast, ODMR linewidth and T2
time before and after the HT annealing for each of the
9 samples. The parameter value before HT annealing is
shown on the x axis and its value after HT annealing
is shown on the y axis; data on the x = y line (dashed
grey line) indicate no change due to HT annealing. For
6 of these samples (implantation energy 5-14 keV), the
PL rate increased by a factor 1.3-1.6, which indicates an
increased N-to-NV− conversion rate. Such an increase
is consistent with the findings of Ref. [49] for deep NV
centres (4-13 MeV). On the other hand, the other 3 sam-
ples (implantation energy 4-6 keV) exhibit a significantly
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FIG. 3. (a-d) PL rate (a), Rabi contrast (b), ODMR linewidth
(c) and Hahn echo T2 time (d) as a function of implantation
dose for 14 different samples implanted at various energies
and annealed at 950◦C (see sample details in Table I). The
vertical error bars (one standard deviation) are smaller than
the symbols hence not shown. The grey shaded areas are a
guide to the eye. (e,f) Theoretical sensitivity to dc (e) and ac
(f) magnetic fields deduced from (a-d).
reduced PL, by a factor 2-4. This is possibly due to etch-
ing of the diamond surface, or to some of the existing NV
centres being annealed out or converted into larger de-
fect clusters; however, this effect must be very sensitive
to the exact conditions of the process (e.g., the residual
gaseous species present during the HT annealing) since
other nominally similar samples had their PL increased
instead of decreased upon HT annealing.
The Rabi contrast (Fig. 4d) is increased for all sam-
ples, by a factor 1.1-1.8, except sample A-6-low-a which
had the smallest PL rate following HT annealing and
had a contrast decreased by a factor 2. Similarly, the
ODMR linewidth is improved for all samples but 2, and
the coherence time is increased for all samples, by a fac-
tor 1.5-3. Consequently, the magnetic sensitivity (Figs.
4e and 4f) is improved for most samples (7 out of 9), by
a factor up to 2.5 for the dc sensitivity, and up to 3.3 for
the ac sensitivity, with best values of 400 nT/Hz1/2 and
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40 nT/Hz1/2 from a single pixel, respectively. We note
that these results do not seem to depend on the exact
temperature of the second annealing step, whether it is
1100◦C or 1200◦C.
To gain more insight into the origin of these im-
provements upon HT annealing, we performed EPR
spectroscopy using the NV layer as a probe. Namely,
we used two complementary techniques, DEER spec-
troscopy [26, 27] and cross-relaxation spectroscopy (T1-
EPR) [28, 29], and compared spectra recorded before
and after HT annealing. Fig. 5a shows DEER spec-
tra for a diamond implanted at 6 keV with a dose of
1013 ions/cm2, initially annealed at 950◦C and then fur-
ther annealed at 1200◦C. The spectra reveal the hyper-
fine structure associated with P1 centres, which is left
unchanged by the HT annealing, whereas the amplitude
of the g = 2 line is slightly reduced. DEER spectra
acquired over a broader range (Fig. 5b) show the pres-
ence of additional features before HT annealing, with a
linewidth of 50-100 MHz indicating that the responsible
spins have a relaxation time (T1) of the order of 10-20 ns.
Such short-lived species are easier to detect using T1-
EPR spectroscopy [28, 29], which monitors the NV lon-
gitudinal relaxation rate 1T1 while varying the magnetic
field to map the cross-relaxation resonances between the
NV spins and nearby paramagnetic defects. The result-
ing spectra (Fig. 5c) show a g = 2 line that is much
broader than in the DEER spectra (at least by a factor
5), which implies that the noise spectrum is dominated
by short-lived species to which DEER is poorly sensitive.
On each side of the g = 2 line, several features are visible
in the T1-EPR spectrum measured before the HT an-
nealing, one at approximately +150/−160 MHz relative
to the g = 2 line, and a doublet centred at approximately
+340/−430 MHz. We tentatively ascribe these lines to
the R4/W6 centre, which is a neutral divacancy defect
V02 [51]. The green arrows in Fig. 5c indicate the posi-
tions of the two lines observed in the room temperature
EPR spectrum of R4/W6 in Ref. [51], recorded with the
field aligned along a 〈111〉 crystallographic axis similar
to our measurements. These lines match well our T1-
EPR spectrum, apart from the splitting of the outer line
which is not clearly resolved in Ref. [51]. This apparent
splitting could also arise from the presence of additional
lines associated with longer multivacancy chains, such as
the trivacancy defect V03 (R5) [48, 49]. We note that
the linewidth measured in Ref. [51] for the R4/W6 cen-
tre at room temperature is also in good agreement with
our data. The same features were observed for all the
other samples we measured prior to HT annealing (an-
other example is shown in Fig. 5d), except for the lowest
implantation dose where only the g = 2 line could be
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clearly resolved (see Fig. 6h).
The divacancy centre is known to anneal out above
about 1100◦C [51]. Other defects, including V03, an-
neal out at similar temperatures, typically above 1000◦C
[48, 49, 52], leaving mostly defects with an isotropic g = 2
EPR signature. In our samples, we found that the side
peaks in the T1-EPR spectrum completely disappeared
after HT annealing, either at 1200◦C (Fig. 5c) or at
1100◦C (Fig. 5d). In addition, the g = 2 line became nar-
rower, with a significantly reduced integral. This means
that the overall density of residual paramagnetic defects
surrounding the NV centres was significantly reduced by
the HT annealing, which is believed to be the main rea-
son why the NV properties were improved overall. It is
worth mentioning that an alternative strategy to remove
multivacancy defects is to prevent their formation dur-
ing the initial annealing by charging the lattice, as was
proposed and demonstrated in Ref. [53].
C. Effect of oxygen annealing
As discussed previously, the properties of dense layers
of NV centres are mostly limited by residual paramag-
netic defects induced by the implantation, which is why
they are sensitive to the annealing temperature. How-
ever, surface defects may also play a role in our samples,
especially at the lowest implantation dose and/or at low
energy (i.e., near-surface NV centres). The impact of sur-
face treatment on the properties of shallow NV centres
has been the subject of many studies in the regime of
very low implantation dose (typically ≤ 109 ions/cm2),
for which implantation-related damage may be negligi-
ble [35, 47, 54]. In this regime, one aspect to consider
is the charge stability of the NV centres, which depends
on the balance between the density of donors (e.g., ni-
trogen impurities) and the density of acceptor states on
the surface. It is known that annealing the diamond at
450-550◦C in oxygen, immediately following the initial
annealing or after an acid cleaning step, results in sta-
ble negatively charged NV centres [55–58], whereas acid
cleaning alone (or even after oxygen annealing) generally
results in NV centres with poor charge stability and re-
duced Rabi contrast [58]. Furthermore, oxygen annealing
was observed to enhance the spin coherence time of very
shallow NV centres [8].
To assess the effect of oxygen annealing on dense NV
layers, we used 7 samples initially annealed in vacuum (at
950◦C or 1200◦C) and acid cleaned, and annealed them
at 465◦C in oxygen for 4h. The comparative results are
shown in Figs. 6a-d for the PL rate (a), Rabi contrast
(b), ODMR linewidth (c) and T2 (d). On average, the
oxygen annealing has no net effect on the PL rate and
Rabi contrast, but provides a modest improvement in the
linewidth, suggesting that the low-frequency magnetic
noise is sensitive to the surface treatment. The T2 time
was found unchanged except for a decrease for samples A-
4-low and A-6-low-a, which had the largest T2 before an-
nealing, due to low implantation dose (5×1011 ions/cm2,
energy 4 and 6 keV, respectively). The most dramatic ef-
fect is on sample A-4-low (shallowest NVs), for which T2
was reduced from 12.5 µs to 9.1 µs, and the Rabi contrast
from 5.7% to 2.8%. This indicates that in this regime of
dose/energy, the surface treatment does play a role on
the magnetic noise at MHz frequencies and/or on the
charge stability of the NV layer. Overall, the magnetic
sensitivities exhibit a modest improvement (if any) upon
oxygen annealing (Figs. 6e,f), except for sample A-4-low
which shows a clear deterioration.
To probe the noise at GHz frequencies, we recorded
T1-EPR spectra before and after the oxygen annealing,
with two examples shown in Figs. 6g and 6h. A very
broad feature is consistently observed after the oxygen
annealing, adding to the initial g = 2 line (which re-
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mains about 50 MHz wide). This broad feature extends
over at least 1 GHz, corresponding to a magnetic noise
with correlation time < 1 ns. Consequently, the NV re-
laxation time is dramatically shortened even far off res-
onance, e.g. T1 ≈ 80 µs for sample A-4-high-a (Fig. 6g)
and T1 ≈ 120 µs for A-6-low-a (Fig. 6h) at a magnetic
field of 400 G (i.e. ≈ 600 MHz away from the g = 2
cross-relaxation resonance), against T1 ≈ 1.8 ms and
T1 ≈ 500 µs before the oxygen annealing, respectively.
For sample A-4-low (data not shown), T1 was reduced
by as much as two orders of magnitude, from ≈ 1.7 ms
to ≈ 18 µs. Such broadband noise explains why T2 was
shortened in the low dose samples (see Fig. 6d). The
initial T1-EPR spectrum could be recovered by a simple
acid cleaning (green curve in Fig. 6h). These observa-
tions, although not fully understood currently, suggest a
complex interplay between the spin/charge dynamics of
the surface states, which are clearly affected by the oxy-
gen annealing, and the dose-dependent dynamics of the
defects within the lattice.
D. Depth measurements
Finally, we performed NMR measurements in order to
estimate the average depth of the NV centres, which is a
key parameter for sensing experiments. We applied im-
mersion oil to the sample and used XY8 dynamical de-
coupling [6, 21] to detect the precession of the 1H spins
under a magnetic field of 202 G, which corresponds to a
Larmor frequency of ≈ 860 kHz. An example spectrum
is shown in Fig. 7a, obtained for sample A-4-high-a af-
ter the HT annealing (4 keV implantation energy). The
proton signal appears as a dip in the NV coherence at
the expected evolution time τ ≈ 580 ns (time between
consecutive pi-pulses). The nature of the signal was ver-
ified by performing correlation spectroscopy [32, 34] (see
Fig. 7b for the time domain signal and Fig. 7c for the
Fourier transform), revealing a sharp peak at the 1H Lar-
mor frequency (860 kHz). To estimate the NV depth, the
XY8 data was fitted following the procedure of Ref. [31],
where we assume that all the NV centres lie at a constant
depth d below the diamond surface. Using a proton den-
sity of 55± 5 nm−3, we find a depth d = 9.8± 0.4 nm for
this sample. Fig. 7d shows the depth as a function of the
implantation energy measured for different samples from
4 to 6 keV, which ranges from d ≈ 10 to 17 nm. These
values are consistent with simulations of ion implantation
that take into account tilt angle and channelling effects
[47, 59], which indicate an ion range between 5 and 20
nm for a 5 keV implant. We note that Fig. 7d includes
measurements of samples both before and after HT an-
nealing. We were able to measure NMR spectra before
HT annealing despite a much smaller absolute contrast
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due to much shorter coherence time. For sample A-4-
high-a, in particular, the depth was found to decrease by
about 2 nm upon HT annealing (1200◦C), which is at-
tributed to graphitisation of the top 2 nm and subsequent
removal by acid cleaning.
IV. CONCLUSION
In summary, we investigated the spin properties of
dense layers of near-surface NV centres in diamond cre-
ated by nitrogen ion implantation at energies from 4-30
keV and doses from 5 × 1011-1013 ions/cm2. We found
that, in this regime, the spin properties (Rabi contrast,
ODMR linewidth and spin coherence time) are mostly
governed by the implantation dose due to the related
number of paramagnetic defects, while the energy (which
fixes the depth of the NV layer) and the type of surface
(polished or as grown) have little impact. However, de-
spite enhanced spin properties at lower doses, the sensi-
tivity to magnetic fields is essentially independent from
the dose because the latter also sets the number of NV
centres that contribute to the signal. We then showed
that the spin properties can be dramatically improved by
a post-implantation annealing at a temperature of 1100-
1200◦C instead of the lower temperature typically used
(950◦C or less). By performing EPR spectroscopy (T1-
based and DEER) using the NV layer as a probe, we
observed that this higher temperature annealing greatly
suppresses the signatures of multivacancy chains visible
with the 950◦C annealing, which implies an overall re-
duction in the density of residual paramagnetic defects
and explains the improvement in the ODMR linewidth
and spin coherence time. We also examined the effect of
oxygen annealing and observed a modest improvement in
the magnetic sensitivity of most NV layers, but a delete-
rious effect on the samples implanted at the lowest dose.
Our EPR spectroscopy measurements revealed the ap-
pearance of a broadband magnetic noise (extending over
at least 1 GHz) upon oxygen annealing, which disappears
after acid cleaning. This suggests that the surface prepa-
ration method is a key consideration for these samples
depending on the imaging modality (T1 or T2 based). Fi-
nally, the average NV depth was determined by proton
NMR measurements, ranging from 10 to 17 nm for im-
plantation energies from 4 to 6 keV, in agreement with
previous studies. These results elucidate the parameters
that limit the magnetic sensitivity of dense layers of near-
surface NV centres, which are used in a growing number
of sensing and imaging applications.
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